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Abstract: Spherical activated carbon (SPs) with hierarchical porous structure was prepared via a simple solvent evaporation
method followed by an activation process using leonardite humic acid (LHA) as carbon source. The surface morphologies and
pore parameters of the as-prepared SPs were analyzed by scanning electron microscope (SEM) and N2 physical
adsorption-desorption instrument. The electrochemical performance of supercapacitors tested by galvanostatic charge-discharge
(GCD), cyclic voltammograms (CV) and electrochemical impedance spectroscopy (EIS) are conducted in both aqueous and
organic electrolyte. The SPs with high specific surface area (2034 m2 g-1) and pore volume (1.24 cm3 g-1) exhibit a superior higher
specific capacitance of 319 F g-1 at a current density of 0.05 A g-1 in aqueous electrolyte compared with powdered activated
carbon (SP1). In addition, SPs1 also exhibit a high initial specific capacitance of 154 F·g-1 at 0.05 A·g-1 and a higher capacitance
retention of 96.4% than the bulked sample started from the same raw materials in organic electrolyte. These results suggest that
the LHA-based spherical activated carbon should be a competitive and promising supercapacitor electrode material.
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1. Introduction
Resource depletion and environmental pollution have led to
the worldwide activity to develop more sustainable and
cleaner energy resources [1, 2]. In this regard, supercapacitors
with excellent power density, long cycle life and superior
reversibility [3] are one of the electrochemical energy storage
devices, which store electricity in electrochemical processes
[4]. However, the relatively low energy density and narrow
working voltage range also restrain the further development of
supercapacitors. Numerous efforts have been devoted to
develop novel and high-performance electrode materials with
the aim to realize high-efficiency energy storage [4].
Activated carbon is one of the most widely used electrode
materials, while the slow ion transportation in the small
micropores limits their effective utilization [5]. The spherical

activated carbon with systematically tailored pore structure is
an important class of porous materials [6, 7]. It shows various
advantages, such as good sphericity, mechanical stability,
high thermal conductivity, and good electrical conductivity,
et al. These features make them widely used in catalysis,
environmental applications, absorbents, especially in energy
storage [8-11]. Most importantly, spherical activated carbon
with hierarchical porous structure can facilitate ion transport
and shorter diffusion pathways, which could display better
performance as supercapacitor electrodes and significantly
increase the specific capacitance [12]. Therefore, because of
their good charge-discharge characteristics, long cycle life,
spherical activated carbon has received extensive attention
from academia and industry.
As a green renewable and cheap amphiphilic biomass
material, Leonardite humic acids (LHA) were employed as
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carbon precursor [13]. The unique natural composite materials
are typically viewed as a complex mixture of alkyl skeletons
and organic chainlike molecule species. LHA as an
amphiphilic biomass precursor could be well dispersed in a
base solution. Meanwhile, the aromatic ring structure can
control the skeleton structure of activated carbon during the
activation process, and heteroatoms (including S, N and O) of
LHA can also provide more active sites to facilitate the
formation of hierarchical porous architecture [14].
Herein, hierarchical spherical porous carbon (SPs) were
prepared using LHA as precursor by the efficient and facile
solvent evaporation method under ambient pressure. Our
strategy offers at least three advantages: (1) the dimethicone
has some surface activity, SPs with good dispersity can be
obtained without adding any surfactant; (2) the pore structure
was high developed through activation process using a small
amount of KOH; and (3) hierarchical porous framework
provides the pathway to ensure easy accessibility of
electrolyte. Furthermore, the electrochemical performances of
the optimized SPs were also characterized.

2. Experimental
2.1. Preparation of SPs

LHA were processed by alkali-solution and acid-isolation
method reported previously [21]. Then 10 ml 10% LHA
solution (10 g LHA+90 g H2O+1 ml Ethylenediamine
(Ethylenediamine destroys intramolecular hydrogen bonds))
was added into 500 ml dimethicone. After magnetic stirring
for 2 h at 90°C (to sufficiently evaporate the water) the black
solid was collected at room temperature and washed five times
with hexane. The precipitate was dried at 60°C in oven to
obtain the spherical carbon (SPs). Then, the resultant SPs
were precarbonized at 500°C for 2 h with a heating rate of
2°C min-1 under N2 atmosphere. Finally, the stabilized SPs
was mixed with the KOH solution (alkali/carbon=1:1, mass
ratio) and carbonized again using the following heating
program: ramped at 2°C min-1 to 800°C and held for 1 h, then
cooled naturally to room temperature, washed with diluted
HCl, followed by distilled water, and dried at 80°C for 12 h.
The final product was labeled SPs1. The specific process is
shown in Figure 1. For comparison, pure LHA were directly
mixed with the KOH solution (KOH/LHA mass ratio = 1:1).
After drying in air, the mixtures were treated with the same
procedure above; the obtained activated carbon was named as
SP1. In this way, the differences in electrochemical
application between spherical activated carbon and powder
activated carbon were analyzed.

The biomass-based LHA acts as main raw material. Pure

Figure 1. The preparation of spherical activated carbon.

2.2. Supercapacitor Assembly
The double-layer capacitor is composed of electrode,
electrolyte, diaphragm, collector fluid and encapsulating
element. To fabricate the electrodes, a certain amount of
activated
carbon
material
(active
material),
polytetrafluoroethylene (PTFE) and acetylene black were
weighed according to the mass ratio of 8:1:1. Then add
ethanol to cover the material and ultrasonic dispersion for 0.5
h. After dried at 50°C for 2 h the electrode materials were
repeatedly pressed to form a film with a thickness of 40~60
mm and punched into a circular pole piece with a diameter of
13 mm. The coin type cells of symmetrical supercapacitors
(R2430) were assembled using 6 M KOH aqueous solution
and 1 M TEABF4/PC as electrolytes, respectively.
2.3. Characterization
The morphology and microstructure of obtained samples were
characterized by FEI NanoSEM 430 scanning electron
microscopy (SEM). Nitrogen sorption isotherms were measured

at 77 K with a Micromeritcs Tristar 3000 analyzer. The
Brunauer-Emmett-Teller (BET) method was utilized to calculate
the specific surface areas (SBET) using adsorption data, the total
pore volume was calculated according to the adsorption amount at
the relative pressure (P/P0) of 0.99, and the pore size distribution
was calculated through the density function theory (DFT).
Galvanostatic charge-discharge (DCG) experiments were
performed on an Arbin MSTAT and Land instrument. Cyclic
voltammetry (CV) experiments and electrochemical impedance
spectroscopy (EIS) were recorded in Princeton PARSTAT2273
electrochemical system. The specific capacitance (C: F g-1) of a
single electrode was calculated from the discharge part of
galvanostatic charge/discharge curves according to formula1:
C=2It/Vm

(1)

where V presents the potential change in discharge (0 to1.0 V
for aqueous solution and 0 to 2.7 V for the organic solution,
respectively); I is the discharge current (A) and t for the
discharge time (s); and m is the mass (g) of activated carbon in
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a single electrode.

3. Results and Discussion
3.1. Structural Characterization
The morphology and microstructure were investigated by
the SEM. Figure 2a shows that the SPs prepared by solvent
evaporation possess regular sphericity and are well dispersed
with a diameter of 3-10 µm. It is obvious that there are no
obvious changes after KOH activation, while, due to the
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etching of the strong alkali of KOH, some certain pores
appeared on the surface of SPs1 (Figure 2b). That is because
K+ can become potassium vapor at 800°C, which can spread
and etch the material surface, thereby to regulate the channels,
and since less alkali is used, it does not damage the
morphology of the material. By contrast, although the
activated area of the SP1 is larger than that of SPs1, the
powdered SP1 (Figure 2c) appears to be irregular without
any regular physical structure, which generated a plurality of
macropores during the activation process.

Figure 2. SEM images of samples: (a): SPs; (b): SPs1; (c): SP1.

Figure 3 shows the nitrogen adsorption and desorption
isotherms and the pore size distribution curves for the two
samples. N2 adsorption−desorption measurements reveal that
SPs1 and SP1 all show type II/IV curve with the hysteresis
loop and sharp increase in the N2 adsorption amount at
relatively high pressure (P/P0 approaches to 1) [15].
Compared with SP1, SPs1 show more N2 adsorption under
relatively low pressure (P/P0<0.1), indicating an increase in
micropores through activation process. Both of the two
samples have relatively obvious hysteresis loop under
medium pressure, revealing that the samples have

mesoporous structure. The observed vertical tails at relatively
high pressure (P/P0 near 1.0) is the typical features of
macropores, caused by the accumulation of some salt
particles [16]. Figure 3b shows that the pore size of SPs1 and
SP1 samples is mostly under10 nm. SPs1 has a relatively
uniform pore size of 3.0 nm, larger than that of SP1 (1.5 nm,
mostly are micropores). Meanwhile, although the pore size
distribution of SP1 is wider than that of SPs1, it is mainly
focus on some large and medium holes, which showed
limited contribution to capacitance characteristics.

Figure 3. (a) Adsorption/desorption isotherms of N2 and (b) pore size distribution of different samples.

It can be seen from table 1 that both of the two samples have
relatively large specific surface area (2266 m2 g-1 for SP1 and
2034 m2 g-1 for SPs1, respectively) after being activated by the
same amount of KOH. That is because LHA act as an

amphiphilic carbon material can well wetted in a KOH
solution, which can lead to homogenized activation. Thus,
although activated by the same amount of alkali, the specific
surface area of SP1 is larger that of SPs1.

Table 1. Porosity parameters and Specific surface area of SPs1 and SP1.
Samples
SPs1
SP1

SBETa m2 g-1
2034
2266

Vtb cm3 g-1
1.24
1.93

a BET surface area
b Total pore volume measured at P/P0 = 0.99
c Micropore volume calculated using the t-plot method
d Mesopore volume obtained using the BJH method
e Average pore width determined using thethe formula 4Vt/SBET

Vmic cm3 g-1
0.45
0.65

Vmed cm3 g-1
0.64
0.58

DAe nm
2.38
3.32
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3.2. Electrochemical Performance
3.2.1. Electrochemical Performance in Aqueous Electrolyte
Electrochemical performance of the two samples was
investigated in 6 M KOH solution. Figure 4a shows the CV
curves of the samples at the scan rates of 400 mV s−1 in
aqueous solution. Obviously, under the high sweep rates of
400 mV s-1, the CV curve of SP1 presents an irregular
rectangle shape, while the curve of SPs1 is nearly rectangle
shape without redox peaks, indicating the electrical charge
and discharge responses are highly reversible [17]. At the
same time, the larger area under the CV curve indicates that
the SPs1 has stronger electrochemical responses than that of
the SP1 powder, which show that SPs1 has good bilayer
capacitance characteristics.
Figure 4b shows the galvanostatic charge-discharge (DCG)
cycles of the two samples in the potential range of 0 to 1.0 V
for aqueous solution. The curves are highly linear and
symmetrical indicating nearly perfect capacitive behavior.
The high reversibility of the DCG process indicates that the
electrode process is mainly focus on the charge transfer in the
electric double layer capacitor, and almost no Faraday
reaction occurs [18].
The specific capacitances of the SPs1 and SP1 were
calculated from the discharge curves and are shown in Figure
4c, respectively. The specific capacitance of SPs1 and SP1

samples is 319 F g-1 and 288 F g-1 at a current density of 0.05
A g-1, respectively, and the SPs1 electrode can still remain
190 F g-1 at the high current density of 100 A g-1, while the
SP1 electrode is only 161 F g-1. These results indicate that the
utilization rate of micropores in spherical activated carbon is
more efficient in energy storage. With the increasing current
densities, relatively more micropores could give rise to
higher resistance, leading to the decrease of capacitance from
micropores. However, the mesopores can provide a
transmission channel for electrolyte ions, so the specific
capacitances of SP1 (less mesopores) with more micropores
decreases faster [19, 20].
To further analyze the electrochemical performance of the
SPs1 and SP1, EIS analysis was carried out, as shown in
Figure 4d. Compared with SP1, the smaller diameter of
semicircle at higher frequencies implies the lower charge
transfer resistance of SPs1. In addition, 45° oblique line of
SPs1 sample in middle frequency region is not obvious,
implying the hierarchical pore structure plays a very
important role in the diffusion of electrolyte in the mesopores
[21, 22]. The Nyquist plots of all samples had a better
vertical line in the low-frequency region, indicating that the
activated carbon electrode had an ideal ions and electron
transfer efficiency. The ESR values of the two samples are
0.19 Ω for SPs1 and 0.24 Ω for SP1, respectively.

Figure 4. Electrochemical performance of the electrodes in 6 M KOH: (a) CV curves of SPs1 and SP at scan rate of 400 mV s-1; (b) Charge and Discharge
curves at the current density of 10 A g-1; (c) Rate performance of samples; (d) Nyquist plots for samples.

It's worth noting that after after 10,000 cycles at a current
density of 10 A g-1, as shown in Figure 5a, the as-prepared
SPs1 electrodes exhibit a capacitance retention ratio of 98.9%,
much higher than that of SP1 (capacitance retention: 96.4%).
Figure 5b shows the Ragone plots of the SP1 and SPs1 in
aqueous electrolytes. In the aqueous electrolyte, the SPs1
electrode had a maximum energy density of 10.28 Wh kg-1,

much higher than that of SP1 (7.6 Wh kg-1). Furthermore, the
SPs1 exhibited the stablest performance with an energy
density of 4.08 Wh kg-1 at the high-power density of 19.82 kW
kg-1 in the aqueous electrolyte. Combined with rate
performance curve, the spherical carbon with high specific
surface area and good multi-level pore structure, showed
excellent high current performance and cycle performance.
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Figure 5. (a) Cycle performance of SPs1 and SP1 electrodes in 6 M KOH at the current density of 10 A g-1; (b) a Ragone plots of symmetric capacitors in a 6
MKOH solution.

3.2.2. Electrochemical Performance in Organic Electrolyte
For exploring the overall performance of the SPs electrodes,
the electrochemical performances of the SPs1 and SP1
electrodes were then studied in 1 M TEABF4/PC solution, as
shown in Figure 6. For the organic electrolyte, the SPs1
electrodes performed better than SP1, the CV curve of SPs1
has nearly perfect rectangular voltammogram shapes even at
high scan rate of 200 mV s-1 in organic electrolyte (Figure 6a),
demonstrating the excellent ion transport behavior even in a
viscous electrolyte. Combined with the GCD profiles (Figure
6b), the SPs1 electrodes showed a triangular shape with a
small voltage drop (IR) at high current densities, further
confirming double-layer capacitance [23]. The IR in SP1
electrodes is more obvious than SPs1, owing to the relatively
large volumes in the small micropore [24]. As the specific
capacitance is mostly contributed by the meso- and

macropores at high scan rates [25], the SPs1 electrodes with
more mesopores showed fast charge and ion propagation, and
the GC curves consume a longer time (Figure 6b), which
implies a higher specific capacitance. The SPs1 electrodes with
reasonable pore size distribution possess a higher specific
capacitance of 154 F g-1 at 0.05 A g-1 (Figure 6c), better than
that of SP1 (128 F g-1 at 0.05 A g-1), suggesting that the
relatively larger mesopores can facilitate faster ion transport to
enhance the electrochemical performance [26]. In addition,
due to the virtue of good capacitive endurance for double layer
capacitance at a large current load, the specific capacitance
retentions of the SPs1 and SP1 are 61% and 47% even at a
high current density of 10 A g-1, respectively. Furthermore, the
capacity deterioration of SPs1 was less than 5.0% after 10,000
cycles (Figure 6d), indicating excellent long- term cyclic
stability as a working electrode.

Figure 6. Electrochemical properties of the SPs samples as electrodes in a 1 M TEABF4/PC solution: (a) CV curves at the scan rate of 200 mV s-1, (b) GCD
curves at current density of 5 A g-1, (c) capacitances as a function of current densities and (d) cycle lives at a current density of 1 A g-1.
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4. Conclusions
In summary, activated carbon with good sphericity was
prepared by simple solvent evaporation method, followed by
carbonization and KOH activation under mild conditions.
This synthesis process is convenient and environment
friendly for high-yield preparation of SPs materials. In
addition, compared with the powder activated carbon, the
spherical activated carbon has more reasonable pore
distribution, which is beneficial to the rapid ion transmission.
Remarkably, the SPs1 electrodes behaved superiorly
high-performance in both aqueous and organic electrolytes. It
shows that the relatively more mesopores can greatly
improve the rate performance when the specific surface area
is constant. Our results open new possibilities for
exploitation of suitable biomass derived carbons as
promising electrode materials.
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